INTRODUCTION

Synthetic polymers for biomedical applications
A number of different synthetic degradable polymers have been developed for biomedical applications [1] [2] [3] [4] [5] [6] (see Table 1 ). In general, these polymers have been developed for their physical properties, including degradation rate, degradation products and mechanical strength, as well as the biological properties, including cell attachment, tissue ingrowth and biocompatibility. For example, poly(glycolic acid) (PGA) is a linear aliphatic polyester formed by ring-opening polymerization of cyclic diesters of glycolide (see Table 1 ). PGA is hydrophilic and undergoes bulk degradation, often leading to a sudden loss in mechanical strength at some point during hydrolysis. Similar to PGA, poly(L-lactic acid) (PLLA) is a linear aliphatic polyester that is formed by ring-opening polymerization of L-lactide (see Table 1 ). PLLA typically undergoes bulk, hydrolytic ester-linkage degradation, decomposing into lactic acid, which can then be excreted by the body in the form of water and carbon dioxide through the respiratory system. The hydrophobic nature of PLLA allows for protein absorption and cell adhesion, making the polymer particularly useful in the fabrication of tissue engineering scaffolds. Alternatively, poly(e-caprolactone) (PCL) is an aliphatic polyester with semicrystalline properties (see Table 1 ). PCL is highly water soluble, with a melting temperature of B60 1C. Degradation of PCL occurs by bulk or surface hydrolysis of its ester linkages, resulting in a byproduct of caproic acid. PCL degrades at a slow rate, persisting in vivo for up to 2 years; however, PCL has been copolymerized with collagen, PGA, poly(lactic acid) and polyethylene oxide to increase its rate of degradation. Additional synthetic degradable polymers are presented in Table 1 .
PPF and its applications
Poly(propylene fumarate) is a linear polyester based upon fumaric acid, a component of the Krebs cycle. The main advantages of PPF are (i) the unsaturated carbon-carbon bonds of the fumaric acid unit that allow cross-linking of the polymer into a covalent polymer network, and (ii) the formation of biocompatible and excretable degradation products, primarily fumaric acid and propylene glycol, upon hydrolysis of its ester linkages [7] [8] [9] . The principle disadvantage of PPF is that it is a viscous liquid at room temperature (21 1C), making handling of the polymer somewhat cumbersome. Although cross-linked networks may be formed from PPF alone 10 , a variety of cross-linking agents have been explored in combination with PPF for the formation of cross-linked, degradable polymer networks with tunable material properties. For example, cross-linked networks of PPF with N-vinyl pyrrolidinone 11 , poly(ethylene glycol)-dimethacrylate 12 , PPF-diacrylate 13 and diethyl fumarate 14 have been developed. When combined with an appropriate initiator system, PPF-based polymer solutions are suitable for injectable applications in which they may be crosslinked in situ to form solid polymer networks. Owing to the injectability, biocompatibility and biodegradability of PPF-based polymers, they have been widely explored for a number of biomedical applications, such as the fabrication of orthopedic implants 15 , scaffolds for tissue engineering [16] [17] [18] [19] [20] , controlled bioactive factor delivery systems [21] [22] [23] [24] [25] [26] and cell transplantation vehicles 27, 28 (see Table 2 ).
The properties of cross-linked PPF networks, including mechanical strength and biodegradation, are dependent upon the molecular characteristics of the constituent polymer 9, 10, 14, 29, 30 . For instance, the molecular weight and polydispersity of PPF affects the mechanical strength and the degradation kinetics of crosslinked PPF networks 31 . Note that PPF molecular weights typically vary from 500 to 4,000 Da, and polydispersities are generally below 1.4 (see ref. 32) . As PPF molecular weight increases, its viscosity also increases, often impacting the handling of the polymer and thus the intended applications 14 . For example, stereolithographic printing of PPF is generally improved with lower PPF molecular weights 14, 16 . Additionally, the molecular weight of any cross-linking agent used in the formation of a PPF-based network and the ratio of the cross-linking agent to PPF affect the degradation kinetics and mechanical strength of the resulting polymer network 8 . Accordingly, PPF-based polymer networks can be fabricated with a wide range of controllable properties as needed for specific applications through manipulation of tunable polymer parameters.
Methods for synthesizing PPF A number of synthetic techniques for PPF have been reported [32] [33] [34] . For example, synthetic routes beginning with fumarates with highly reactive end groups, such as fumaryl chloride, have been described 33, 34 . However, these routes have been associated with significant byproduct formation. More recently, the common method for synthesizing PPF follows a two-step procedure, beginning with diethyl fumarate and propylene glycol, and involving bis(hydroxypropyl) fumarate as an intermediate (see Fig. 1 ). This is the present method of PPF synthesis that is used in the authors' laboratory and the most recent synthesis procedure reported by the authors 32 .
Overview of the two-step synthesis of PPF In the first step of the synthesis, diethyl fumarate and propylene glycol are reacted in an inert atmosphere in a molar ratio of 1:3, respectively. Additionally, ZnCl 2 and hydroquinone are added as a catalyst and cross-linking inhibitor, respectively, in a 0.01:0.002:1 molar ratio to diethyl fumarate. The first step of the reaction occurs in a heated vessel under mechanical stirring, with a gradual increase in temperature from 110 to 130 1C. This stage of the procedure results in the production of the bis(hydroxypropyl) fumarate intermediate and ethanol, which is collected as a distillate. This step of the reaction is terminated when B90% of the theoretical yield of ethanol is collected. The second step of the synthesis reaction involves transesterification of the bis(hydroxypropyl) fumarate intermediate to produce PPF. Here the alkoxy group of bis(hydroxypropyl) fumarate is replaced with an alcohol from a second bis(hydroxypropyl) fumarate intermediate, propagating PPF polymerization and producing propylene glycol as a byproduct. This stage of the reaction is conducted under reduced pressure (o1 mm Hg) and mechanical stirring, with a gradual increase in temperature from 100 to 130 1C. The reaction proceeds until the desired molecular weight of PPF, as measured by gel permeation chromatography (GPC), is obtained.
Purification of the PPF product occurs through dissolution of the polymer in methylene chloride followed by several acid washes to remove the ZnCl 2 catalyst. Further purification of the polymer solution involves two washes each with distilled water and brine.
Sodium sulfate is then used to dry the organic polymer phase. Finally, the solvents are removed from the PPF solution through rotary evaporation and reduced pressure.
Experimental design
This protocol describes the synthesis and purification of PPF through a two-step reaction of diethyl fumarate and propylene glycol to yield PPF through a bis(hydroxypropyl) fumarate diester intermediate 32 . The particular procedures described herein are appropriate for the synthesis of PPF for biomedical applications, such as the fabrication of biodegradable tissue engineering scaffolds and controlled bioactive factor delivery vehicles. High purity of the reactants and the exclusion of water from the reaction system are of critical importance to the production of high-molecular-weight polyesters in general, including PPF. Additionally, biomedical applications require the complete removal of organic solvents from the polymer product during the purification steps.
It should be noted that the procedure described herein is limited to the synthesis and purification of PPF. Owing to the vast number of methods for PPF cross-linking, details for PPF cross-linking are not included in this protocol. However, a brief survey of the literature will show articles describing several effective cross-linking methods 8, [10] [11] [12] 14 . Additionally, flexibility exists in several aspects of the procedure described in this protocol. For example, the temperature and duration of the reaction may be adjusted to modulate the kinetics of the reaction and the molecular weight of the PPF product. Results have shown that PPF molecular weight may be varied from a minimum of 500 Da to a maximum of 4,000 Da by altering the reaction temperature and time 32 .
MATERIALS
REAGENTS
. Brine solution . Diethyl fumarate, 98% (vol/vol) (Sigma-Aldrich Co., cat. no. D95654-500G) ! CAUTION Diethyl fumarate may be irritating and/or harmful if exposed to the skin or inhaled. All work should be conducted in a chemical fume hood. Personal protective equipment, including a lab coat, nitrile gloves and safety glasses, should be worn when using diethyl fumarate.
. Ethyl ether (anhydrous), ACS certified, stabilized with BHT (Fisher Scientific, cat. no. E138-4) . Hydrochloric acid (HCl), ACS certified (Fisher Scientific, cat. no. A144-212) ! CAUTION Hydrochloric acid may be irritating and/or harmful if exposed to the skin or inhaled. All work should be conducted in a chemical fume hood. Personal protective equipment, including a lab coat, acid resistant gloves and safety glasses, should be worn when using hydrochloric acid.
. Hydroquinone, 99% (wt/wt) reagent plus (Sigma-Aldrich Co., cat. no.
H1790-2)
. Methylene chloride, ACS certified, stabilized with amylene (Fisher Scientific, cat. no. D37-4) . Nitrogen gas (N 2 (g)), ultra-high purity, 99.999% (vol/vol) (Matheson TriGas)
. Nitrogen liquid (N 2 (l)) (Matheson Tri-Gas) . Propylene glycol (1,2-propanediol) (Fisher Scientific, cat. no. P355-1) ! CAUTION Propylene glycol may be irritating and/or harmful if exposed to the skin or inhaled. All work should be conducted in a chemical fume hood. Personal protective equipment, including a lab coat, nitrile gloves and safety glasses, should be worn when using propylene glycol.
. Sodium EQUIPMENT SETUP Preparation of glassware Thoroughly clean and dry overnight (12 h) all glassware for the apparatus shown in Figure 2 in an oven (100 1C), then prepare the apparatus as shown.
PROCEDURE Production of bis(hydroxypropyl) fumarate diester intermediate TIMING B12 h
1| Add diethyl fumarate (196.6 g, 1.14 mol) and propylene glycol (259.4 g, 3.41 mol) into a three-necked round-bottomed flask (1 mol diethyl fumarate/3 mol propylene glycol). Note that this protocol will produce B140 g of PPF. ! CAUTION Diethyl fumarate and propylene glycol may be irritating and/or harmful if exposed to the skin or inhaled. All work should be conducted in a chemical fume hood. Personal protective equipment, including a lab coat, nitrile gloves, and safety glasses, should be worn throughout the procedure.
2|
Remove moisture from the system by establishing a purging flow of ultra-high-purity nitrogen gas (no drying required). m CRITICAL STEP The exclusion of water from the reaction system is essential to ensure the efficiency of the reaction. One may monitor the flow rate of nitrogen through the system by observing the nitrogen bubbles created in a water-filled beaker (Fig. 2) . A moderate flow rate (three bubbles per s) of nitrogen increases the rate of ethanol removal from the system. However, an excessively high nitrogen flow rate (410 bubbles per s) may result in undesired removal of volatile reactants, such as the diethyl fumarate.
3| Initiate stirring at B150 r.p.m. Ensure that the stirrer is set at 0 r.p.m. before switching on the unit, and then increase the speed slowly to B150 r.p.m.
4|
Add hydroquinone (0.25 g, 2.3 Â 10 À3 mol) and ZnCl 2 (1.55 g, 1.1 Â 10 À2 mol) into a three-necked round-bottomed reaction flask.
5| Establish the flow of chilled water through the condenser and increase the stirring rate to 300 r.p.m.
6|
Heat the flask in a silicone oil bath at 110 1C for 30 min.
7| Increase the temperature of the oil bath to 120 1C for 30 min, then to 130 1C.
8|
Continue the reaction at 130 1C until B90% of the theoretical yield of ethanol has been collected in the receiving flask (B95 g of the theoretical 105 g). m CRITICAL STEP The reaction generally requires 6-8 h. The time required for the reaction may be decreased by increasing the temperature of the oil bath, increasing the stirring rate and/or increasing the flow rate of the nitrogen gas. However, one should avoid temperatures above 150 1C to mitigate potential side reactions 32 . High flow rates of nitrogen gas should similarly be avoided as mentioned in Step 2. ? TROUBLESHOOTING 9| Once the desired amount of ethanol has been collected, cool the reaction flask to room temperature (21 1C) with a continued flow of nitrogen gas through the system. ' PAUSE POINT Once cooled, the reaction products may be sealed and stored overnight in the fume hood, if necessary.
Transesterification reaction TIMING B9 h 10| Reassemble the apparatus as in the first reaction using the three-necked round-bottomed flask containing the bis(hydroxypropyl) fumarate diester intermediate.
11|
Initiate the flow of the purging nitrogen gas through the apparatus and of the chilled water through the condenser. 12| Initiate stirring of the diester intermediate at the rate of 300 r.p.m.
13|
Heat the flask in a silicone oil bath at 100 1C for 30 min.
14| Stop the nitrogen gas purge and replace the gas outlet house attached to the vacuum takeoff adapter with a hose connected to a high vacuum apparatus.
! CAUTION The vacuum apparatus should be equipped with a liquid nitrogen-cooled vacuum trap to collect potentially harmful volatile compounds.
15| Reduce the pressure in the system to less than 1 mm Hg. ! CAUTION Reduce the pressure in the system slowly to avoid rapid boiling of propylene glycol and consequent displacement of reactants out of the reaction flask.
16| Increase the temperature of the oil bath to 110 1C for 30 min.
17| Increase the temperature of the oil bath to 120 1C for 30 min.
18| Increase the temperature of the oil bath to 130 1C. m CRITICAL STEP The extent of transesterification and the molecular weight of the resulting PPF increase with reaction time. Consequently, the molecular weight of the PPF should be monitored regularly (e.g., every half an hour or 1 h) during the reaction using a GPC column. Samples may be removed periodically from the reaction vessel using a Pasteur pipette. Note that the purification procedure for the PPF product removes some of the lower molecular weight polymer chains, thereby increasing the average molecular weight of the polymer. As a result, the average molecular weight of the polymer following purification will typically be higher (approximately 300-400 Da) than the value measured during the monitoring of the reaction.
? TROUBLESHOOTING
19|
Terminate the reaction and allow the system to cool to room temperature under a purge of nitrogen gas when the desired molecular weight has been achieved (accounting for the change in average molecular weight in the purification procedure).
? TROUBLESHOOTING 20| Add methylene chloride (B300 ml) to the polymer product in the reaction flask and purge the system with nitrogen gas. ' PAUSE POINT The cooled reaction products may be sealed and stored overnight at 21 1C in the fume hood, if necessary.
Purification of PPF: aqueous washes TIMING B6 h 21| Add additional methylene chloride (B300 ml) to the polymer solution to bring the total solution volume to B800 ml.
22|
Transfer the polymer solution into a 2-liter separatory funnel positioned in a ring clamp above a 2-liter Erlenmeyer flask.
23| Add a volume of 1.85% (vol/vol) HCl solution approximately equal to the volume of the polymer solution (B800 ml) to the separatory funnel, such that the acid and polymer solutions are at a volume ratio of 1:1. Mark the interface between the solutions on the outside of the separatory funnel. ! CAUTION Hydrochloric acid may be irritating and/or harmful if exposed to the skin or inhaled. All work should be conducted in a chemical fume hood. Personal protective equipment, including a lab coat, acid resistant gloves and safety glasses, should be worn throughout the procedure.
24| Cap and invert the separatory funnel, then open the stopcock to vent gas while the funnel is inverted.
25| Close the stopcock, briefly shake the funnel to agitate the solution, invert the funnel and open the stopcock to vent liberated gas.
26|
Repeat the shaking/venting step (Step 25) several times, increasing the amount of shaking each time.
27| Close the stopcock, shake the solution vigorously, then place the separatory funnel on the ring stand and open the cap of the funnel.
28| Allow the phases to separate for B10 min. One may use the mark made at the interface between the phases in Step 23 to facilitate visualization of the two separate phases (Fig. 3a) .
29| Collect the polymer phase (the bottom phase) into a 2-liter Erlenmeyer flask and appropriately discard the aqueous phase. m CRITICAL STEP The polymer solution should appear cloudy at this point (Fig. 3b) . 39| While stirring the ethyl ether with a magnetic stirrer, slowly pour the polymer solution from
Step 37 into the ethyl ether. m CRITICAL STEP The ether solution will become white in appearance and the polymer will appear as a yellow precipitate.
40| Upon complete addition of the polymer solution, stop stirring and decant the ether phase into an appropriate container for disposal.
Purification of PPF: solvent removal TIMING B3 h 41| Dissolve the polymer product from Step 40 in methylene chloride (300 ml).
42| Remove methylene chloride from the polymer solution through rotary evaporation at reduced pressure using a rotary evaporator with an associated heated water bath (40 1C).
43|
Complete drying of the polymer product under high vacuum at room temperature for at least 8 h.
44| Vacuum-evacuate the flask and purge with nitrogen gas. ' PAUSE POINT Store the polymer product at 4 1C for up to 3 months. Determination of molecular weight of PPF TIMING B6 h 45| Determine the molecular weight of the PPF product using GPC at 25 1C using a GPC column (Waters, Styragel HR 4E, 7.8 mm Â 300 mm column (50-100,000 Da range)) at a flow rate of 1.0 ml min À1 with degassed chloroform as the eluent. For systems using a refractive index detector, the molecular weight distributions should be determined relative to a calibration curve generated from polystyrene standards (M n ¼ 500, 2,630, 5,970 and 9,100 Da). ? TROUBLESHOOTING Troubleshooting advice can be found in Table 3 .
TIMING
ANTICIPATED RESULTS
Typical yields
Typical isolated yields are greater than B350 g of PPF per 500 g of diethyl fumarate reactant. PPF: a typical 1 H NMR (400 MHz, CDCl 3 , ambient temperature) spectrum for PPF is shown in Figure 4 . Number average molecular weight (M n ) relative to polystyrene standards: approximately 500-4,000 Da, depending upon reaction conditions 32 . Decrease the intensity of agitation during the aqueous washes and/or add a small volume (B50 ml) of brine to the aqueous phase 
